The existence of tiny neutrino masses at a scale more than a million times smaller than the lightest charged fermion mass, namely the electron, and their mixings can not be explained within the framework of the exceptionally successful Standard Model(SM).
I. INTRODUCTION
The Standard Model (SM) based on the gauge symmetry SU (3) C ×SU (2) L ×U (1) has been remarkably successful to explain all the phenomena from very low energies to all the way at the highest energy Large Hadron Collider (LHC). However, there are two experimental observations (among many such as the mass hierarchies among the quarks and the leptons, the CKM matrix, the PMNS matrix,...) which the SM can not explain. These are the existence of the dark matter in the universe, and the tiny non-zero masses of the neutrinos and their mixings. The SM has no candidate for the dark matter. Tiny neutrino masses can be generated using so called Weinberg operator which is of dimension five and suppressed by a scale M [1] . However, if SM is the ultimate theory, then scale M is the Planck's scale. In this case, the neutrino masses generated are three or four orders of magnitude smaller than the observed ones. Several ideas have been proposed to generate tiny neutrino masses involving physics beyond the SM. The most elegant one is the so called see-saw [2] mechanism. Several models have been constructed around the seesaw mechanism. A popular version is one in which the SM gauge symmetry is extended to higher gauge symmetry, such as left-right extension [3] of the SM, or SO(10) grand unified theory (GUT). Other popular versions come under the names: Type-I seesaw where extra heavy fermion singlets, the right-handed neutrinos, are added to the SM [2] , Type-II seesaw where extra scalar triplets are added [4] and Type-III seesaw where extra fermion triplets are added [5] . Also there are models based on the so-called "low scale seesaw" where the right-handed neutrinos have masses below the electroweak scale [6] . There exists models for tiny neutrino masses which are not based on the seesaw mechanism such as radiative neutrino mass generation [7] by extending the SM particle content to include extra Higgs multiplets, and choosing the masses of these additional Higgs bosons and the associated Yukawa couplings suitably, and an extension the SM to include three RH neutrinos and a 2nd Higgs doublet having VEV at the KeV scale [8] . Lepton number conservation is imposed. An exhaustive list of neutrino mass models is beyond the scope of this manuscript.
A seesaw model, called the "Electroweak ν R model" (or EW-sale ν R model for short), was proposed [9] in which the gauge symmetry SU (2) W × U (1) is the same as that of the SM, supplemented by an A 4 discrete symmetry. The distinguishing feature of this model is the fact that right-handed neutrinos are fertile (as opposed to sterile), unlike Type-I seesaw models. In fact, the model has several additional fermion multiplets (for every LH doublets, there are RH doublets, and for every RH singlets, there are left handed singlets (called the mirror) fermions at the electroweak scale). The model also has one additional Higgs doublet, called the mirror doublet, two triplets, and four singlets. In this model, the seesaw mechanism gives rise to tiny neutrino masses with the RH neutrino in the EW scale, and the neutrinos are Majorana type. The right-handed neutrinos interact with the electroweak W's and Z bosons (and hence the use of the adjective "fertile"), a feature which allows for their search at colliders and directly test the seesaw mechanism.The rationale for this particle content is explained in the Review section.
The idea of mirror quarks and mirror leptons is not new. This was considered by Lee and Yang back in 1950's [10] . Their argument was that the LH quarks and leptons having weak interaction, while the the RH handed ones do not, is not symmetric in nature. So they speculated that there may exist fermions of exactly opposite chirality, and those have not been observed experimentally because those are very heavy. However, now we know that adding these mirror fermions with the gauge symmetry of the SM does not satisfy the precision EW test involving the S parameter.
These will contribute positively too much to the S parameter. This is circumvented by adding Higgs triplets to the models which gives large negative contribution and thus satisfying the S parameter constraints [9] . In fact, the complex Higgs triplet was introduced in the EW-scale ν R model for another purpose: It gives a Majorana mass to fertile right-handed neutrinos which is proportional to the electroweak scale Λ EW ∼ 246 GeV. The fact that its contribution to the S-parameter can largely offset that of the right-handed mirror fermions in a large region of parameter space is an unexpected bonus of the EW-scale ν R model [9] , [11] . One of the major feature of the model is that since the symmetry group is just the SM, both Higgs doublets have VEVs in the EW scale. Thus to satisfy perturbative constraint, all the particles, all the mirror fermion, as well as the ν R have masses in the EW scale, and less than a TeV. Thus these particles can be produced at the LHC, and the ensuing final sates can be looked for in search of new physics signals.
Lastly, the electroweak phase transition is non-perturbative in nature. One approach for studying non-perturbative phenomena is that of lattice gauge theory. It is well-known that one cannot put a chiral gauge theory such as the SM on the lattice because of the loss of gauge invariance. Ref. [12] proposed the introduction of mirror fermions in order to achieve a gauge-invariant formulation of the SM on the lattice.
The mirror fermions of the EW-scale ν R model fits that bill.
In a previous work [13] , we discussed the signals of the electroweak ν R model at the LHC arising from the pair productions of the mirror quarks as developed in [9] and the subsequent extensions of the model satisfying all the constraints. We found that for the prompt decays of the mirror quarks plus almost massless neutral scalar (present in the model), the mass of the lightest mirror quark as low as 600 GeV is allowed from the 8 TeV data assuming this branching ratio to be 100%. And if this decay branching is 50% or less, their is no bound from the LHC 8 TeV data. We also calculated the final state signals for the 13 TeV LHC, and found that the reach for the lightest mirror quark can be as large as 700 GeV with 100f b −1 luminosity.
In this work, we explore the new physics that might arise from the pair productions of the mirror leptons at the LHC. The mirror lepton production cross sections are much lower compared to the mirror quarks, because those are produced via EW interaction, whereas mirror quarks are produced via the strong interaction. However, the pair production of mirror leptons, such as ν
give rise to high p T same sign dileptons and trileptons (+ + − or − − +) with large missing energy.
The SM background for the such final state are very small, and signals, if found, will stand well above the background. We make prediction for the signal in the 13
TeV data as a function of the mirror neutrino mass for several values of the charged lepton masses, as well as the background (which is small). Since the mirror lepton masses have to smaller than a TeV, there is a good chance that new physics may be discovered in the upcoming runs at the LHC if this model is realized in nature.
Our presentation below is organized as follows. In section II, we review the model and the formalism in some detail. This include the gauge sector, fermion sector and the scalar sector, and the neutrino masses. In section III, we discuss the precision EW constraint for the model. In section IV, we discuss the constraints coming from the available 125 GeV Higgs data. In section V, we discuss the Yukawa interaction in the model. The collider signatures of pair productions of mirror leptons in the framework of EW − ν R model was discussed Section VI. Section VII contains our conclusions and discussions.
II. THE MODEL, FORMALISM AND THE EXISTING CONSTRAINTS
In this section, we will summarize the essential features of the EW-scale ν R model [9] with a particular emphasis on the meaning and use of the particle content of the model and its comparison with the well-known Left-Right symmetric model [14] in its various versions.
As stipulated in the introduction, the rationale for the construction of the EWscale ν R model was to "bring down" the energy scale of the seesaw mechanism to the electroweak scale by making right-handed neutrinos "non-sterile" or "fertile". This has the clear advantage of being able to test the concept of the seesaw mechanism by directly searching for those fertile right-handed neutrinos at colliders such as the LHC and/or at future colliders such as the ILC. As Ref. [9] has shown, in order to realize this scenario, it is necessary to introduce new degrees of freedom beyond those of the SM: right-handed SU (2) mirror quark and lepton doublets, left-handed mirror quark and lepton SU (2) singlets, two Higgs triplets (one real and one complex), two
Higgs doublets, and four Higgs singlets. The gauge group is identical to that of the SM. Before writing down explicitly the particle content of the model, we would have to address the usual concern that one may have whenever one goes beyond the 
This comparison with the very popular LR model is simply for the purpose of showing that the scalar sector of the EW-scale ν R model is not overly complicated. We first list the particle content and subsequently discuss what these particles are used for.
I) The gauge sector:
• Gauge group of the EW-scale ν R model:
• Gauge group of Left-Right models:
• As it will be reviewed below, the EW-scale ν R model has several scalar multiplets (two doublets and two triplets) whose VEV's contribute to the elec-
The II) The Fermion sector:
• Fermion SU (2) W doublets (M refers to mirror fermions):
Notice that right-handed neutrinos are "fertile" in the EW-scale ν R model because they are now parts of right-handed lepton doublets. How heavy they can be will be the subject of the section on Majorana masses below.
• Fermion SU (2) W singlets:
• Fermions in Left-Right models:
III) The scalar sector:
• The scalar sector in the EW-scale ν R model a) Higgs doublets:
In the original version [9] , this Higgs doublet couples to both SM and mirror
fermions. An extended version was proposed [15] in order to accommodate the 125-GeV SM-like scalar and, in this version, Φ 2 only couples to SM fermions while another doublet Φ 2M whose VEV is φ 0 2M = v 2M / √ 2 couples only to mirror fermions.
ii) Real triplet: ξ (Y /2 = 0) in order to restore Custodial Symmetry with
The VEVs are given by:
c) Four Higgs singlets: This was needed to construct neutrino mass matrices within the framework of an A 4 non-abelian discrete symmetry [16] .
• The minimal scalar sector in the Left-Right model a) Two complex Higgs triplets:
which is equivalent to two SM doublets.
IV) The role of the scalar sector
Here we summarize the salient parts of the Yukawa interactions in the EW-scale ν R model followed by the crucial roles of the gauge Higgs triplets in ensuring the agreement between the EW-scale ν R model and electroweak precision data.
• Dirac and Majorana Neutrino Masses, charged fermion masses in the EW-scale ν R model For simplicity, from hereon, we will write ν M R simply as ν R .
a) Majorana Neutrino Masses:
The main point of [9] is the fact the right-handed neutrinos are now non-sterile and are expected to acquire a mass proportional to the electroweak breaking scale. This is achieved by
From (3), we obtain the Majorana mass
GeV. Such a "large" VEV would destroy the tree-level relationship
as we will mention below [9] .
Since the EW-scale ν R model contains non-sterile right-handed neutrinos with masses ∝ O(Λ EW ∼ 246 GeV), one expects to be able to produce them at the LHC through elementary processes such asqq
R , where e M,− R denotes a generic mirror charged lepton. The production cross sections are typically electroweak cross sections and distinct signatures are like-sign dileptons [9] . Detailed calculations of such processes will be the subject of our manuscript.
It is important to note here that in the original version [9] , a global symmetry denoted by U (1) M was assumed under which the mirror right-handed doublets and left-handed singlets transform as (l The singlet scalar field φ S couples to fermion bilinears as
From (4), we get the Dirac neutrino masses m
The physics involving the singlet scalars were discussed in [17] and [16] .
c) Masses of charged leptons and quarks:
As shown in [9] and in the extension of the EW-scale ν R model [15] , SM quarks and charged leptons obtain masses by coupling to the doublet Φ 2 and mirror quarks and charged leptons obtain theirs by coupling to Φ 2M .
• Dirac and Majorana neutrino masses, charged fermion masses in L-R models a) Majorana masses:
Right-handed neutrinos which belong to doublets of SU (2) R along with the SM right-handed charged leptons obtain Majorana masses from the VEV of
Majorana masses are large. In addition, right-handed neutrinos in L-R models can only be produced through the exchanges of W R and Z R whose masses are constrained to be above 3 TeV. Because of the high mass constraints on W R and Z R , one expects much smaller production cross sections than those of the EW-scale ν R model.
b) Dirac masses:
Dirac neutrino masses in the L-R models are obtained by coupling to the Higgs
Similarly, charged lepton and quark masses are obtained also by coupling to the same Higgs bi-doublet.
Let us recall from the previous section that Dirac neutrino masses in the EWscale ν R model come from the coupling to the Higgs singlets while those of the SM charged lepton and quarks and their mirror counterparts are gotten from the coupling to Φ 2 and Φ 2M respectively. It is this difference in coupling that [17] exploited in showing the difference between the PMNS and CKM matrices.
• The scalar contributions to electroweak radiative corrections
Since the mini-review of electroweak precision constraints on the EW-scale ν R model will be given below, we just mention in this section the salient points of the triplet scalar contributions to the precision parameters such as S, T, U. It was noticed in [9] and [18] that triplet Higgs representations can give large negative contributions to the S-parameter. In fact, any model containing
Higgs triplets can give such a negative contribution to the S-parameter in a large region of parameter space. As can be seen in [18] and subsequently in [11] , fine tuning is required if one desires to have a very small contribution to the S-parameter coming solely from the Higgs triplet. Such a fine-tuning disappears if the negative contribution from the Higgs triplet cancels against a positive contribution from an extra fermion sector. This is the case with the EW-scale ν R model [11] where the positive contribution coming from mirror fermion doublets cancels against the negative contributions coming from the scalar sector, in particular the Higgs triplet. This is summarized below.
The next two sections are reviews of the electroweak precision constraints on the EW ν R model [11] as well as the constraint coming from the 125-GeV scalar. These sections and the one above are necessary to introduce the model to readers who are not familiar with it and we include similar reviews in all related papers.
III. ELECTROWEAK PRECISION CONSTRAINTS ON THE EW
The presence of mirror quark and lepton SU (2)-doublets can, by themselves, seriously affect the constraints coming from electroweak precision data. As noticed in [9] , the positive contribution to the S-parameter coming from the extra righthanded mirror quark and lepton doublets could be partially cancelled by the negative contribution coming from the triplet Higgs fields. Ref. [11] has carried out a detailed analysis of the electroweak precision parameters S and T and found that there is a large parameter space in the model which satisfies the present constraints and that there is no fine tuning due to the large size of the allowed parameter space. It is beyond the scope of the paper to show more details here but a representative plot would be helpful. Fig. 1 shows the contribution of the scalar sector versus that of the mirror fermions to the S-parameter within 1σ and 2σ. In the above plot, [11] took for illustrative purpose 3500 data points that fall inside the 2σ region with about 100 points falling inside the 1σ region. More details can be found in [11] .
IV. REVIEW OF THE SCALAR SECTOR OF THE EW ν R MODEL IN
LIGHT OF THE DISCOVERY OF THE 125-GEV SM-LIKE SCALAR [15] In light of the discovery of the 125-GeV SM-like scalar, it is imperative that any Higgs boson. The definition of a signal strength µ is as follows
and
To really distinguish the SM Higgs field from its impostor, it is necessary to measure the partial decay widths and the various branching ratios. In the present absence of such quantities, the best one can do is to present cases which are consistent with the experimental signal strengths. This is what was carried out in [15] .
The minimization of the potential containing the scalars shown above breaks its [15] . The physical scalars can be grouped, based on their transformation properties under SU (2) D as follows:
The three custodial singlets are the CP-even states, one combination of which can be the 125-GeV scalar. In terms of the original fields, one has H As we can see from Fig. (2) , both SM-like scenario (Dr Jekyll) and the more interesting scenario which is very unlike the SM (Mr Hyde) agree with experiment.
As stressed in [15] , present data cannot tell whether or not the 125-GeV scalar is truly SM-like or even if it has a dominant SM-like component. It has also been stressed in [15] that it is essential to measure the partial decay widths of the 125-GeV scalar to truly reveal its nature. Last but not least, in both scenarios, H 0 1M = φ 0r 2M is subdominant but is essential to obtain the agreement with the data as shown in [15] .
As discussed in detail in [15] , for proper vacuum alignment, the potential contains a term proportional to λ 5 (Eq. (32) of [15] ) and it is this term that prevents the appearance of Nambu-Goldstone (NG) bosons in the model. The would-be NG bosons acquire a mass proportional to λ 5 .
An analysis of CP-odd scalar states H 0 3 , H 0 3M and the heavy CP-even states H , and H was presented in [15] . The phenomenology of charged scalars including the doubly-charged ones was also discussed in [23] .
The phenomenology of mirror quarks and leptons was briefly discussed in [9] and a detailed analysis of mirror quarks was presented in [13] . It suffices to mention here that mirror fermions decay into SM fermions through the process q M → qφ S , l M → lφ S with φ S "appearing" as missing energy in the detector. Furthermore, the decay of mirror fermions into SM ones can happen outside the beam pipe and inside the silicon vertex detector. Searches for non-SM fermions do not apply in this case.
It is beyond the scope of the paper to discuss these details here.
V. YUKAWA INTERACTIONS BETWEEN MIRROR AND SM LEPTONS
The EW ν R model has been extended to include an investigation of neutrino and charged lepton mass matrices and mixings [17] . In [17] , a non-abelian discrete symmetry group A 4 was assumed and was applied to the Higgs singlet sector which is responsible for the Dirac masses of the neutrinos. Following [17] , we list the assignments of the SM and mirror fermions as well as those for the scalars under 
for the electron sector and
for the electron neutrino sector and where 
The mixing parameters involving in the decay l An important remark is in order here. The Yukawa couplings g Sl in the lepton sector are constrained by rare processes such as µ → e γ and has been studied in detail in this previous work. [24] As shown in Eqs: (8, 9, 10), the right-handed neutrinos and the mirror charged leptons couple to the SM counterparts through the scalar singlets φ S . The decay width of the process such as l M → l + φ S depends on the coupling g Sl . In general,
VI. PHENOMENOLOGY: COLLIDER SIGNALS AT THE LHC
In this section, we will discuss the collider signatures of mirror leptons (charged mirror leptons, e M ± , as well as right handed mirror neutrinos, ν M R , in the framework of EW ν R model. Since the masses of mirror leptons being restricted to be in the ballpark of few hundred GeVs from the perturbativity of the Yukawa couplings, the pair production cross-section of the mirror leptons could be significant enough to probe or ruled out the EW ν R model at the ongoing/future run of the LHC. tri-lepton signature is not accompanied by any hadronic activity.
3. Similarly, pair production of ν e ± e ±φ S φ S (SSD+4-jets
e ± e ∓φ S φ S (OSD+4-jets + p T / ) 
where s, t and u are Mandelstam variables. In the Eq. (12), A q , V q are the axial and vector couplings in theqqZ interaction [25] 
While A ν , V ν are the axial and vector couplings in the
Since the right-handed neutrinos (ν R ) in the EW ν R model have Majorana nature,
TABLE II. Couplings of fermions, including the right-handed neutrino ν R to the Z-boson.
Here, θ W is the electroweak mixing angle (sin 2 θ W 0.231)
The pair production cross-sections at the LHC are obtained by integrating the spin averaged matrix element squared over the phase-space and parton distribution of cross-section and distributions, it is important to list a set of basic requirements for leptons and jets to be visible at the detector. It should be noted that any realistic detector has only a finite resolution; this applies to both energy/transverse momentum measurements as well as the determination of the angle of motion. For our purpose, the latter effect can be safely neglected 1 and we simulate the former by smearing the energy with Gaussian functions. The energy resolution function receives contributions from many sources and are, in general, a function of the detector coordinates. We, though, choose to simplify the task by assuming a flat resolution function equating it to the worst applicable for our range of interest [28] , namely,
where, a = 100%, b = 5% for jets and a = 15% and b = 1% for leptons, and ⊕ denotes a sum in quadrature. Keeping in mind the LHC environment as well as the detector configurations, we demand that, to be visible, a lepton must have an adequately large transverse momentum and they are well inside the rapidity coverage of the detector, namely,
We demand that a lepton be well separated from other leptons and jets so that they can be identified as individual entities. To this end, we use the well-known cone algorithm defined in terms of a cone angle ∆R ij ≡ (∆φ ij ) 2 + (∆η ij ) 2 , with ∆φ and ∆η being the azimuthal angular separation and rapidity difference between two particles. Quantitatively, we impose
The requirements summarized in Eqs. (17) (18) (19) constitute our acceptance cuts.
In Fig. 3 
17-19).
contains SSD signal cross-sections after the acceptance cuts listed in Eqs. (17) (18) (19) .
The corresponding lepton p T distributions (left panel) and p T distribution (right panel) are presented in Fig. 6 for the LHC with √ s = 13 TeV. Large SSD signal cross-sections (see Fig. 5 ) and harder signal leptons p T and p T distributions (see In the SM, same sign dilepton arises mainly from the production of ttW ± and ZW ± productions. ttW ± contributes to SSD when t(t) decays leptonically,t(t) decays hadronically and W +(−) decays leptonically. On the other hand, ZW ± contributes to SSD when both Z and W decays leptonically and one lepton from Z-decay falls out side the coverage of the detector (p T < 20 GeV and/or |η| >2.5) or do not identified as individual entities (∆R ll < 0.4 or ∆R lj < 0.4). Contribution to SSD also arises from opposite sign dilepton events due to charge mis-identification. However, the probability of mis-identifying lepton charge is very small. Production of tt pairs also contributes to SSD when tt pairs decays semileptonically and the b-quark from the hadronically decaying top decays into a lepton. However, lepton from the b-decay is always accompanied by a lots of hadronic activity around the lepton or a jet within close proximity of the lepton. Therefore, stronger isolation cuts for leptons can be used to eliminate the tt contribution to SSD background. The SM background contribution to SSD was studied by ATLAS collaboration [29] in the context of 13
TeV LHC. In order to reduce the SM background contribution to SSD + p T , we have used ATLAS suggested cuts on p T > 125 GeV and m ef f > 650 GeV, where m ef f is defined as the scalar sum of the p T of the signal leptons and jets as well as p T , as selection cuts. With these set of event selection criteria, dominant SM contribution to the SSD arises from ZW and ttW production. We have simulated ZW and ttW in association with upto 3 and 4 additional jets, respectively, using ALPGEN [30] and the resulting SSD background cross-section after the selection cuts is estimated to be 0.6 fb at the LHC with 13 TeV center of mass energy.
In order to calculate the discovery reach of the LHC with 13 TeV center of mass energy, we define the signal to be observable for a integrated luminosity L if,
where, N S(B) = σ S(B) L, is the number of signal (background) events for an integrated luminosity L. In Fig. 7 , we have presented required luminosity of the 13 TeV LHC for 5σ discovery of ν One important remark is in order here. The analysis presented in this paper concerns mainly with the number of like-sign dileptons regardless of the decay length and the SM background is taken to be those coming from the primary vertex (prompt decays). However, the decay of mirror leptons could be of a displaced-vertex type since the Yukawa couplings that govern the decay rates could be very small as constrained by µ → eγ. In such a case, the algorithm written for the search will have to be done differently and one cannot simply use the current one. In other words, the analysis presented in this paper can be regarded as the first step in a more complete search for phenomena such as like-sign dileptons coming from the EW ν R model.
VII. SUMMARY AND CONCLUSIONS
We have presented the LHC phenomenology of the electroweak right handed neutrino model. The uniqueness of the model is that the gauge symmetry is the same as the SM, but it has the right handed neutrino, ν R as well as the mirror quarks Higgs has the possibility of coming predominantly from non-SM scalars as explained in the review section above. The model also has interesting prediction for the rare processes such as µ → eγ [24] , µ → e conversion [16] which will be explored with a much higher sensitivity in upcoming intensity frontier experiments.
Because the gauge symmetry is just the SU (2) W × U (1) Y , all the particles get masses from the EW symmetry breaking. As a result, ν M R as well as the mirror quarks and lepton masses can not be larger than a TeV, making ideal for the production of luminosity 20f b −1 as shown in Fig. 7 . However the reach for higher masses, up to 650 GeV, a luminosity of 100f b −1 would be required.
Finally we comment that in our analysis, we have assumed that the coupling g sl between the mirror lepton, ordinary lepton and the singlet scalar phi, g sl e M R e L φ S is such that the mirror lepton can decay to ordinary lepton and the singlet scalar φ S promptly. However, this coupling can be much smaller. The current limit from the rare decay µ → eγ is 10 −3 [24] . If this coupling is much smaller, then the decay will be slow leading to displaced vertices. Such events will have no real SM background, and will be an interesting additional handle to tag such events.
